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厦门大学硕士论文 I
摘   要 
 
布雷菲徳菌素 A((+)-Brefeldin A， 简称 BFA)，是一种大环内酯类抗生素，
它具有多种生物活性，如抗真菌、抗病毒、抗线虫和抗肿瘤等。但是作为一种抗
癌候选药物，本身却具有一些“先天”不足，如在生物体内的半衰期短，生物利用
率低，水溶性脂溶性差等。因此开发和研究(+)-Brefeldin A 衍生物的工作具有重
要意义。 
(+)-Brefeldin A 是极其昂贵的生化试剂，从外国公司购买，价格约为 1.5 万
美元/克，这是一般研究项目难以负担的，本论文使用具有自主知识产权，来自
福建自产的青霉 SHZK-15 菌种对(+)-Brefeldin A 进行放大量生产实验研究，使其
达到“克级”BFA 生产技术，为后续研究工作奠定了基础。 
磷不仅在生命代谢和遗传过程中起着重要的作用，而且在抗肿瘤、抗病毒药
物的设计中扮演者重要的角色，在赵玉芬教授“磷生命化学”思想指导下，我们设
计并合成了一系列未见文献报道的(+)-Brefeldin A 衍生物，显著改善了(+)- 
Brefeldin A 的亲脂性。我们还通过核磁、质谱，高分辨质谱等方法对其结构进行
了表征并深入研究了(+)-Brefeldin A 的磷酰胺类化合物的正离子模式下的裂解规
律，发现和验证了一个特殊的重排过程。 
论文利用(+)-Brefeldin A 的 4 号位与 7 号位羟基反应活性的差异，通过改进
的反应路线分别对两个羟基进行了修饰，减少了反应步骤，缩短了反应时间。同
时，通过 P 谱的研究，发现并成功分离出 7 对差向异构体，并对其结构进行了表
征。 
我们采用MTT法对(+)-Brefeldin A及其衍生物进行了抗人肺癌A549细胞的活
性测试，结果显示其中绝大多数化合物都具有较好的抗肿瘤活性。初步探讨了
(+)-Brefeldin A衍生物结构差异对活性的影响，为以后的结构修饰工作提供参考。 
 
关键词：布雷菲徳菌素 A；衍生物；重排；抗肿瘤活性。 
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Abstract 
(+)-Brefeldin A, a macrocyclic lactone antibiotic, possesses various biological 
activities including antiviral, antifungal, nematocidal and antitumor effects. However, 
as a potential anti-cancer drug, (+)-Brefeldin A is severely limited by its undesirable 
pharmacokinetic properties including negligible bioavailability after oral administratio 
-n and rapid clearance from the blood plasma after intravenous administration. It is 
also complicated by its low aqueous solubility and lipid solubility. In view of the 
above problems, additional works in the area of brefeldin A congener and prodrug 
synthesis are of great significance. 
(+)-Brefeldin A, purchased from foreign country, is an extremely expensive 
biochemical reagent and costs about $15,000/g which is too high for common reseach 
project.  In this thesis, a series of production practices and experimental research 
work on (+)-Brefeldin A were performed by using a penicillium SHZK-15 (Fujian self 
produced with independent intellectual property right), so as to achieve the “gram-gra 
-de” production technology and lay the foundation for further study in future. 
Phosphorus plays an important role not only in the metabolic and genetic process, 
but also in the design of antitumor and antiviral drugs. Under the guiding ideology of 
Professor Yufen Zhao's "Phosphorus Life Chemistry" theory, we designed and 
synthesized a series of (+)-Brefeldin A’s new derivatives which significantly improve 
the lipid solubility of (+)-Brefeldin A. Besides, we identified their chemical structure 
by NMR, MS, HRMS and other methods, and intensively studied the fragmentation 
pattern of ESI-MS for phosphoramide compounds, finally we discovered and verified 
a special rearrangement of the phosphoramide compounds.  
Because of the existing reactivity differences between 4’ and 7’ hydroxy of 
(+)-Brefeldin A, we respectively modified them with an improved simple method. In 
the meantime, through the study of 31P NMR, we successfully isolated seven pairs of 
epimer and identified their chemical structure. 
By using the MTT method, we tested the anti-tumor activity of (+)- Brefeldin A 
and its derivatives, the results showed that most of the compounds have good activity. 
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Further more, the effects of derivatives' structural differences on the activity were 
preliminarily discussed in this paper, which provided relative references for future 
structure modification. 
 
 
Keywords: (+)- Brefeldin A, derivatives, rearrangement, anti-tumor activity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
厦门大学硕士论文 IV
目录 
摘要   
Abstract 
第一章：绪论 .....................................................1 
1.1 微生物药物在抗肿瘤中的研究进展 ..................................1 
1.2 布雷菲徳菌素 A的研究概述 ........................................2 
1.2.1 (+)-Brefeldin A 的抑制作用机理 ................................3 
1.2.2 (+)-Brefeldin A 诱导肿瘤细胞凋亡的研究 ........................5 
1.2.3 (+)-Brefeldin A 的自身缺陷及其衍生物的合成 ....................5 
1.2.4 (+)-Brefeldin A 的化学合成 ....................................8 
1.2.5 (+)-Brefeldin A 的发酵生产 ....................................9 
1.3 现代质谱 .......................................................11 
1.4 研究的内容及设想 ........................................................................................................... 12 
参考文献 ..........................................................14 
 
第二章：(+)-Brefeldin A 的 4, 7 号位磷酰胺类、碳酸酯类化合物的合
成与质谱裂解规律研究 ………………………….……………….…..18 
2.1 引言 ...........................................................18 
2.2 实验部分 .......................................................19 
2.2.1 仪器与试剂................................................19 
2.2.2 (+)- Brefeldin A 的磷酰胺类化合物的合成.......................19 
2.2.3 结构表征..................................................22 
2.2.4 (+)- Brefeldin A 的碳酸酯类化合物的合成.......................25 
2.2.5 结构表征..................................................27 
2.2.6 (+)- Brefeldin A 的磷酰胺类化合物 ESI-MS 的裂解规律研究.......29 
2.3 小结 ...........................................................36 
参考文献 ..........................................................37 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
厦门大学硕士论文 V
第三章：(+)-Brefeldin A 的的 4 号位与 7 号位磷酰胺类化合物的合成
研究………………………………………………………………………………..38 
3.1 引言 ...........................................................38 
3.2 实验部分 .......................................................40 
3.2.1 仪器与试剂................................................40 
3.2.2 (+)- Brefeldin A 的 4号位磷酰胺类化合物的合成.................40 
3.2.3 (+)- Brefeldin A 的 7号位磷酰胺类化合物的合成.................44 
3.2.4 (+)- Brefeldin A的4号位与7号位磷酰胺类化合物的差向异构体的分离
...............................................................46 
3.2.5 结构表征..................................................47 
3.3 小结 ...........................................................55 
参考文献 ..........................................................56 
 
第四章：(+)-Brefeldin A 衍生物的体外活性研究…………………………57 
4.1 引言 ...........................................................57 
4.2 实验部分 .......................................................57 
4.2.1 实验材料..................................................57 
4.2.2 细胞培养..................................................58 
4.2.3 细胞传代..................................................59 
4.2.4 细胞冻存..................................................59 
4.2.5 细胞复苏..................................................59 
4.3 体外抗肿瘤实验 .................................................60 
4.4 统计学处理 .....................................................60 
4.5 实验结果： .....................................................60 
4.6 小结： .........................................................66 
参考文献 ..........................................................68 
 
第五章 总结......................................................69 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
厦门大学硕士论文 VI
附录 1：图文索引表..............................................70 
附录 2：典型化合物的谱图.......................................72 
硕士在学期间发表的论文........................................104 
致谢.............................................................105 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
厦门大学硕士论文 VII
Contents 
Abstract in Chinese 
Abstract 
Chapter 1 Introduction…………………………………………………………..1 
1.1 Research Progress in Anticancer of Microbial Medicine………………………1 
1.2 Research Summarization of (+)-Brefeldin A……………..………………...…...2 
1.2.1 Restrain Effects Mechanism of (+)-Brefeldin A…………………………….3 
1.2.2 Study on (+)-Brefeldin A Inducing Tumor Cells Apoptosis…………………5 
1.2.3 The disadvantages of (+)-Brefeldin A and Synthesized Derivatives of 
(+)-Brefeldin A……………………………………………………………...5 
1.2.4 Chemosynthesis of (+)-Brefeldin A…………………………………………8 
1.2.5 Producd of (+)-Brefeldin A by Fermentation……………………………….9 
1.3 Introduction of Contemporaneity MS…………………………………………11 
1.4 Research Contents and Plans…………………………………………………..12 
Reference…………………………………………………………………………….14 
 
Chapter 2 Study on synthesizing phosphoramidate and Carbonate 
derivatives of (+)-Brefeldin A at 4’, 7’ hydroxy ............…………………18 
2.1 Introduction……………………………………………………………………..18 
2.2 Experiments……………………………………………………………………..19 
2.2.1 Instruments and reagents………………………………….……………….19 
2.2.2 Synthesis of phosphoramidate derivatives of (+)-Brefeldin A……….........19 
2.2.3 Structure characterization…………………………………………………..22 
2.2.4 Synthesis of carbonate derivatives of (+)-Brefeldin A……………………..25 
2.2.5 Structure characterization…………………………………………………..27 
2.2.6 The fragment rule of ESI-MS research for phosphoramidate derivatives of 
(+)-Brefeldin A…………………………………………………………….29 
2.3 Summary of this chapter…………………………………………………….....36 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
厦门大学硕士论文 VIII
Reference…………………………………………………………………………….37 
 
Chapter 3 Study on synthesizing phosphoramidate derivatives of 
(+)-Brefeldin A at 4’ hydroxy and 7’ hydroxy…………………………….38 
3.1 Introduction……………………………………………………………………..38 
3.2 Experiments……………………………………………………………………..40 
3.2.1 Instruments and reagents…………………………………………………...40 
3.2.2 Synthesis of phosphoramidate derivatives of (+)-Brefeldin A at 4’ hydroxy... 
……………………………………………………………………………..40 
3.2.3 Synthesis of phosphoramidate derivatives of (+)-Brefeldin A at 7’ hydroxy... 
……………………………………………………………………………..44 
   3.2.4 Isolation of epimer of phosphoramidate derivatives of (+)-Brefeldin A at 4’ 
hydroxyl and 7’ hydroxyl………………………………………………….46 
   3.2.5 Structure characterization…………………………………………………..47 
3.3 Summary of this chapter…………………………………………。…………..55 
Reference…………………………………………………………………………….56 
 
Chapter 4 Study on activity in vitro of derivatives of (+)-Brefeldin 
A……………………………………………………………………………………...57  
4.1 Introduction……………………………………………………………………..57 
4.2 Experiments……………………………………………………………………..57 
   4.2.1 Instruments and reagents…………………………………………………...57 
   4.2.2 Cell culture…………………………………………………………………58 
   4.2.3 Cell passage………………………………………………………………...59 
4.2.4 Cell cryopreservation………………………………………………….…...59 
4.2.5 Cell recovery……………………………………………………………….59 
4.3 Anti-tumor activity in vitro…………………………………………………….60 
4.4 Statistical processing……………………………………………………………60 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
厦门大学硕士论文 IX
4.5 Results……………………………………………………………………………60 
4.6 Summary of this chapter……………………………………………………….66 
Reference……...………………………………………………………………....…..68 
 
Chapter 5 Summary…………………………………………………………….69 
Appendix 1………………………………………………………………………...70 
Appendix 2...............................................................................................................72 
Publication During Master Degree Study………………………………..104 
Acknowledgements…………………………………………………………….105 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
 
Degree papers are in the “Xiamen University Electronic Theses and 
Dissertations Database”.  
Fulltexts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on 
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary 
loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn 
for delivery details. 
厦
门
大
学
博
硕
士
论
文
摘
要
库
